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FOREWORD

This project was initiated by the Life Support Systems Laboratory of the
6570th Aerospace Medical Research Laboratories, Aerospace Medical Division,
Wright-Patterson Air Force Base, Ohio. The project was begun by the Mechanics
Research Division as a subsidiary of the American Machine and Foundry Company
and was completed by the MRD Division as a subsidiary of the General American
Transportation Corporation. The research was conducted under Contract AF 33
(616)-8223, Project No. 6373, "Equipment for Life Support in Aerospace," and
Task No. 637302, "Respiratory Support Equipment." This work was monitored
by Messrs. R. E. Bennett and C. M. Meyer of the Life Support Systems Labora-
tory. This study began in April 1961 and was completed in August 1962.

This report is cataloged by the General American Transportation Corpora-
tion as Report MR 1163-50.



ABSTRACT

An automatically operated carbon dioxide reduction system was
designed, fabricated and tested. The system will reduce 0.365 pounds
of carbon dioxide per hour, equivalent to a 3.2-man carbon dioxide out-
put, and is required for providing respiratory support for man on extended
space missions. The program was conducted in three phases, analysis of
a reactor developed on a previous contract, experimental determination of
design parameters, and fabrication and testing of an improved engineering
model. Operating characteristics, feed gas compositions, recycle flow
rates, reaction temperatures and pressures, and catalyst composition
and configuration were established and the effects of variations in these
were determined. Recommendations are made for improving the system
and for future work.

PUBLICATION REVIEW

This technical documentary report has been reviewed and is approved.

WATEH. McCANDLESS
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SECTION 1

INTRODUCTION

1.1 Program Objectives

This report summarizes the engineering evaluation, final design, and fab-
rication and testing of an engineering model of an improved system to convert
carbon dioxide to oxygen by hydrogen reduction for advanced aerospace vehicles.
The overall scope of this research has been to evaluate an experimental carbon
dioxide reduction system as developed by Battelle Memorial Institute in order
to determine ivs capabilities, deficiencies, and operating characteristics and
to design and fabricate an improved system that will have the following oper-
ating characteristics:

(1) The system must convert a minimum of 0.33 pounds of carbon dioxide
(equivalent to the metabolic output of three men) per hour to water.

(2) The system must operate satisfactorily at 0 to 1-g condition and
withstand 15-g force without damsge. The system must withstand a vibration of
0.2 cps to 500 cps.

(3) The methods of feeding the reactants into the system must be such
that methane buildup is held to a minimum without sacrificing the rate of car-
bon dioxide decomposition.

(4) Instrumentation of the improved system is to be adequate to indicate
the satisfactory operation of the system. A fail-&afe control shall be includ-
ed to prevent the hazardous build-up of flammable impurities such as CH4 and
H2 , and a means of removing undesirable contaminants shall also be included.

(5) The design of the improved system is to incorporate ease of mainten-
ance, cleaning, and replacement of catalyst.

(6) The time for reaching system equilibrium must be minimum so that life
can be sustained shortly after launch.

(7) The designed system must also be of minimum volume and have high
reliability, a minimum power demand, and be of minimum weight. A long life
expectancy is also required.

The engineering evaluation also specified the inclusion of an investiga-
tion of the influence of the type, shape, and quantity of the catalyst on the
reaction; also the effect of catalyst agitation and internal heaters.

1



SECTION 2

ANALYTICAL PROGRAM

2.1 Chemical Equilibrium Theory

When chemical compounds react with each other to give other chemical pro-
ducts the reaction will proceed until each of the initial reactants has de-
creased to a certain concentration and each of the products formed has increas-
ed from zero to a certain concentration. This phenomenon will occur for all
chemical reactions if a sufficient length of time is allowed; however, the
length of time required varies greatly from one reaction to another.

The concentrations existing at this point are referred to as equilibrium
concentrations, and for gases reacting to form other gases may be measured as
percentages by volume. These volume percentages are mathematically related to
each other in a definite manner which is dependent upon the chemical equation
written for the reaction, and upon a constant, K, which is determined from
thermodynamic properties of the initial components and final products.

As an example, one chemical equation which can be written for the reaction

between CO2 and R21 is as follows:

aCO2 + bH2 = r120 + SC.

The equilibrium equation relating the gas volume percentages, represented by
the terms "x", and with 7r representing reaction total pressure, is:

(x °)a (r)r-a-b K(X co2) a(x,2)b (r

The concentration term for carbon, C, is not included since the carbon formed
is a solid. To balance the chemical equation properly the coefficients, a, b,
r and s are as follows:

1CO2 + 2H2 = 211O + 1C.

The equilibrium equation then is:

(x H120 2-1-2
(x) 02 21 (7) K

(x)lco0 (x. 2)

or

(xR2o0 ) 2 /(Xco2 )(xH 2 )2 (7r) = K

2



In actual chemical reaction if the values of K and of 7r are known, then
the ratio of 12 0 toxCo2 and x.2 may be determined. The constant, K, may be

calculated from thermodynamic properties H2 , CO2 , H20 and C, which are direct-
ly influenced by the reaction temperature. (The derivation of K for vahious
reactions and temperatures is shown in Appendix A, Item 1.)

Because K is directly affected by the reaction temperature the equilibrium
concentrations will be affected similarly by temperature.

The equilibrium concentrations of any of the gases in the above reaction
will also be affected by the initial concentrations of CO , H or H 0 gases.
For instance, if there are equal amounts of Ce and H2 initifly, tie CO 2 equi-
librium concentration, XCO , will have a certain value, while if there were

three times as much CO as 2 H initially, the CO2 equilibrium concentration
would have a higher value. This example merely approximates the relation be-
tween initial and equilibrium concentrations; the actual relation is of great
importance and must be known exactly for reactions where the formation of an
excess of one of the products is desired.

The analytical phase of the design study was therefore concerned with a
mathematical analysis of the effects of temperature, pressure, and initial con-
centrations upon the final equilibrium concentrations of gaseous products from
the reaction of CO and H2 . The primary objective of this analysis was to
determine the conditions which permit maximum CO2 conversion.

2.2 Mathematical Model

In a system where CO2 and %2 react various products may be formed, and
these products in turn may inter-react to give additional products. Many reac-
tions are consequently possible in this system. Some of these are as follows:

(a) CO2  + % H20 + CO

(b) CO)2  + 212 = 2H20 + C

(c) Co2  + H 20 + CR4
(d) CO + H 20+ C
(e) CO + 312 H2 0 + CH4

(f) 2Co Co2  + C

(g) CH4  + Co2  2o20 + C

(h) CR4  + 2C 2120 + 3C

(i) C + 22 CH4

Various other reactions could be written, including those where 02 might result
from a reaction of CO2 or of 11,0, or where C2H6 or higher hydrocarbons might
result from polymerization of CH4. However, at the temperature levels consi-
dered (1100"F to 1OOF) these other reactions can proceed only to a negligible
extent. Therefore, in the system under study, the only six products assumed to
be present will be C02 , 12, CO, CH4, 120 and C.

Examination of the above equations shows that several equations are actu-

ally the ablebraic sums or differences of other equations. For example,
equation (b) is the sum of (a) plus (d); equation (c) is the sum of (b) plus
(i); equation (a) is (d) minus (f), etc. Any of the above equations may be

3



derived from a combination of other equations as long as all of the reactants
and products are Included in the basicostarting equations. The two simplest
reactions ahown are (f) and (1),; these Include all reactants and products ex-
cept 10. Equation (b) represents the overall reaction desired in the system
under Study, and includes %0.

Consequently reactions (b), (f) and (I) considered in simultaneous opera-
tion and equilibrium were assumed to completely represent all of the reactions
which can occur in a C 2, 1, CO, CE4 , B20 and C system up to l00-7.

Based on these reactions, three equilibrium equations my be written in
terms of an equilibrium constant, K, (which is a function of temperature),
reaction pressure, 7r, and equilibrium concentrations, x, as gaseous volume
fractions. *hese are:

1. = " (x.2 0) 2/(xo2)(x) 2 7 from equation (b).

2. K2 (xco) 2 r/(xCo ), from reaction (f).

3. l3 = (xCR )/(%)i7, from reaction (i).

These equations represent the relation between the volume fractions of
the five gaseous components present at simultaneous equilibria for these reac-
tions.

When certain volumes of CO2 , CO, E20, CH4 and 12 gases react, there are
fixed amounts of oxygen, hydrogen and cfrbon atoms in each gas. After the
reaction has occurred these fixed amounts are still present, although not nec-
essarily as part of the original component. Some oxygen originally part of
CO2 may exist as part of CO or of %0; similarly some hydrogen originally as
pure %L may exist as part of CH1 , or of 1%0. Letting initial gas concentra-
tionsbe represented by anP and initial and final gas volume by VI and V. an
atom balance may be written for both oxygen and hydrogen. (Carbon is not as
easily represented, since soe carbon converts from a gaseous product to pure
solid carbon; however, the mathematical model for the reacting system does not
require developing the carbon balance.)

Oxygen: VI (2aCO2 + aC0 + 520) V P (2xCO2 + xCO + %0)

Hydrogen: V1 (2% + 2&H0 + IaM4) VF (2x ÷ + NO + 4 xCE)

The coefficients for the volume fractions "a", and "x", correspond to the sub-
script in the chemical symbol for each gas, since the symbol represents actual
atomic quantities of elements in the chemical component.

The ratio of oxygen to hydrogen atoms in the initial components is the
same as in the equilibrium mixture, as follovs:

) vI(2aCO2 + a + ao) V7 (2x 0o2 + xCo + xo20 )

''H V (2 + 2  0 + 4& VF1( 2  + 2x1 0 +7XC 7
Ia2 a2 0 C4 X 2 2 4

This equation relates exactly the volume concentrations at equilibrium with
initial concentrations. The "O/H" ratio thus developed is used to conveniently

4



describe the ratio of oxygen to hydrogen and holds true at all times, with the
restriction that no material is added or removed during the reaction.

At any point during the reaction the total volume fractions of the gases
present will equal unity:

(5) ac0 2 +acO+aH a 2 H2+a = 1.0

xCO +xCO + %0 + xH2+ xCH4 = 1.0

In the development of the mathematical model up to this point, six un-
knowns have been introduced, the five equilibrium volume concentrations for
CO2 , CO, H 0, and CH , and the O/H ratio. Only five equations numbered (1)
through (57 above have been developed for handling these unknowns.

The primary objective of the mathematical analysis was to determine those
conditions of temperature, pressure, and concentrations which would maximize
the conversion of carbon dioxide. Consequently, an analysis, combining the
five equations, was derived which would indicate the CO2 conversion at each
selected temperature and pressure, but over a complete range of initial concen-
tration conveniently expressed by the O/H ratio. In essence this process
amounted to selecting a temperature and pressure to establish K1 , K J, K and
in equations (1), (2) and (3) and then designating a value for 16/H , •he ini-
tial concentration as measured by the oxygen Lo hydrogen ratio. A series of
values for each of the equilibrium gas-volume concentrations could then be cal-
culated.

At this point it was necessary to utilize the IBM 1620 computer at MRD to
handle the solution of the equations, and to provide the necessary calculated
concentration values. These solutions were then converted to a graphical
representation. A typical set of equations and data for developing one graph
at a given temperature and pressure are shown in Appendix A, Item 2.

2.3 Graphical Equilibrium Data

Four equilibrium graphs were compiled in this manner for temperatures
ranging from 440*F to 1340F, at 9.0 psig, with the O/H ratio varied from zero
to infinity. These graphs are shown as Figures 1, 2, 3 and 4. From these
graphs it can be seen that the line representing the equilibrium volume frac-
tion of H20 passes through a maximum value when the O/H ratio equals 0.50.

If the assumptions are made, that no water is initially present, that only
the CO, H., and H 0 gaseous concentrations change during the reaction, and
that the reaction gas proceeded until equilibrium prevails, then the volume
fraction of H20 formed when equilibrium is reached is a proportional measure of
the amount of CO2 which has been converted in the reaction. Therefore the
maximum CO2 conversion should occur under those conditions of temperature,
pressure, and concentrations which give the maximum equilibrium H20 concentra-
tion.

The overall reactor may be looked upon as a batch-type system where a
given volume-mixture of gases enter, portions of some gases react while others
do not but are merely present during the reaction, and a consequently different
mixture leaves the reactor. The following block diagram illustrates this type
of operation. (Figure 5 shows that the equilibrium volume concentrations at

5
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an O/H ratio of 0.50 are H u 0.245, CHU = 0.127, CO2 w 0.230, CO - 0.040,
H20 - 0.358. If there wern no water eniering the reactor then 0.358/2 volume
units of CO2 and 0.358 volume units of H% would have had to react to form the
0.358 unjts of %0.)

Inlet Gas Outlet Gas
o/H = 0.50 o/H = 0.50

Co2  0.409 CO 0 0.230

% o.603 Co2 + 2H2 = H22+C 0.245
50 0.000 R20 0.358
C 0.000 ---- 2 0o.179

(solid)
CEO 0.127 Continually Present in CH 0.127

0.040 Reaction but do not CO 0.040
Change in Concentration

Total 1.179 Total 1.179

Gases 1.000

Figure 5 REACTION MODEL

The volume fraction of H 00 formed was 0.356. Therefore the volume of CO2
which reacted was 0.358/2 or .179 volume units. Because the equilibrium
measurements correspond to gases leaving the reactor, the volume rate through
the reactor is based on outlet conditions. Therefore the amount of CO2 con-
verted is 0.179/1.000 or 17.9% of the total gas volume flow leaving the reactor.

Based upon this analysis, Figure 6 was plotted showing per cent'of CO
converted versus O/H ratio at varied temperatures between 44o0F and 134•OF, but
at a fixed pressure of 9.0 psig. The amount of CO2 converted is seen to be
greater at lower reaction temperatures.

The gas composition entering the reactor in Figure 5 was assumed to con-
tain no water. If some water were to enter the reactor with the inlet gases,
then the amount of CO2 converted would decrease proportionately.

The equilibrium HIO volume (based on a total of 1.000 volume units leav-
ing the reactor) is 0.358 volume units. This %0 resulted from the conversion
of 0.179 volume units of CO2 . If the entering gas contained, for example,
0.020 units of H20 then only 0.338 additional units could be fo-med in reach-
ing equilibrium. This approximates 2.0% H2 0 in the inlet stream. The amount
of CO converted would decrease 0.010 units to 0.169. The per cent H 0 vapor
by voIume and the decrease in volume units of CO2 converted of satura;ed gases
at 9.0 psig is shown in the following table:

Carbon Dioxide Conversion vs. % Water in Inlet Gas

Reactor Inlet Gas Temp. Inlet Gas, % H20 by Vol. Decrease in Volume
Units of CO2 Converted

WOF 0.5 .0035
57°F 1.0 .0050
70OF 1.5 .0075
79°F 2.0 .0100
97°F 3.0 .0150

108°F 5.0 .0250

10
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If 0.179 volume units is the maxmtm possible CO conversion, then conven-
sion with an inlet saturated gas temperature at 108 wajould result in a conver-
sion of 0.179 - 0.025 - 0.154 units; 0.154/0.179 w 0.86, or an efficiency of
only 86%. These figures show the loss in efficiency due to high inlet gas tem-
peratures; they also show the effects of cooler inlet temperatures.

The amount of CO2 converted (or the amount of 120 at equilibrium) was
found to be a maximum at an O/H ratio of 0.50. Consequently, this ratio was
fixed in subsequent calculations, and the pressure was varied at different tem-
peratures. These computations were also run on the IBM 1620 computer. On
Figure 7 the per cent of CO converted is plotted versus pressure at various
temperatures. This chart shows that the per cent of CO2 converted at a constant
temperature and at an O/H ratio of 0.50, increases with increasing pressure,
and that this effect becomes more pronounced as the reaction temperature in-
creases.

2.4 sumr

The analytical section of the Design Study of a CO conversion system
consisted of a mathematical analysis of the effects of iempersture, pressure
and composition on the equilibrium concentrations resulting from the reaction
of CO and H,. The results of the analysis showed the amount of CO2 converted
is (11 max'lzed when the O/H ratio = 0.50, (2) greater at lover reaction tem-
peratures, (3) greater if inlet gases to the reactor contain lower amounts of
water (this implies that lower condenser temperature is desirable in a recycle-
system) and (4) greater at higher pressure, and that the effect of increased
pressure is more pronounced at higher temperatures.

12
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SECTION 3

W'ERDOML PROGRAM

3.1 Testing

The experimental program was directed tovards developing and improving
existing CO2 conversion systems through actual testing and operation. The
theoretical equilibrium data developed in the analytical section were used as
criteria for setting process variables such as temperature and composition
during various phases of testing. These data were particularly helpful in
evaluating and controlling the actual effect on CO2 conversion as expressed by
the O/H ratio.

As testing progressed process variables were continually and experimental-
ly altered on the basis of their individual effects upon conversion rate,
rather than on the basis of theoretical predictions. This is necessary because,
although definite and reliable mathematical calculations cat. be made of equi-
librium considerations, theoretical reaction rates cannot be predicted accord-
ing to the present development of rate theory without an error factor of 10 to
100 or more.

3.2 Battelle System

The preliminary phase of the experimental section covered familiarization
with the CO2 conversion system originally built and operated by the Battelle
Memorial Institute.

The Battelle system was arranged as shown in Figure 8. The major compo-
nents of this system were the (1) feed sub-system, (2) reactor, (3) water con-
denser, (4) driers, (5) re-cycle gas pumps, (6) re-cycle throttle valve, and
(7) re-cycle rotameter. The Feed Sub-System consisted of (L) CO2-HL gas stor-
age cylinder and high-pressure regulator, (2) low-pressure gas reguIator, (3)
feed rotameter, (4) feed wet-test gas-volume meter, (5) feed throttle valve
and (6) feed pump.

The reactor was divided into three sections, the upper gas space, the
middle catalyst section, and the lower heat-exchanger section. Incoming gases
entered at the bottom of the reactor and rose through a bundle of tubes up the
center of the reactor. Gas flow direction reversed in the upper 6" gas-space,
and passed downwards through a 24"-long annular catalyst section, with a 3"-
outer and a l"-inner diameter. The catalyst section consisted of an upper V:"
portion of steel-wool, and a lower 6" portion of commercial Girdler catalyst
pellets, l/4"-long by i/4"-diameter. The complete catalyst section was heated
by four separately controlled 6"-high nichrome wire heating coils wrapped on
the outside of the reactor. The gases leaving the catalyst section continue
down through a 12"-long heat-exchanger section approximately 1 inch in diameter;
this section cools the gases leaving the catalyst and transfers the heat to
incoming gases entering at the bottom of the reactor.

The water condenser consisted of an aluminum coil and a glass collecting
bottle, both immersed completely in an ice-bath. The condenser removed water
formed in the CO reduction from the gas stream leaving the reactor. The
driers were fabricated from 2-inch aluminum pipe and contain calcium sulfate
granules for further removal of water from the gases leaving the condenser. In
the first Battelle design a condenser was not used, and all water formed was
removed in the calcium sulfate driers. The system had two driers in parallel,

14
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one in operation, the other idle or being desorbed by heating under vacuum.
The condenser was added to increase the absorption cycle time of the driers.

Two diaphragm-type pumps in parallel were used to circulate the recycle
gases through the system. A throttle valve on the outlet aide of the pumps
was used to regulate the recycle flow rate. A ball-type rotameter was used to
measure this rate.

In the feed sub-system, the feed mixture of CO• and H gas was stored in
a high-pressure cylinder. Feed gas leaving the cylinder was reduced to lower
pressures (5-10 psig) by a high-pressure regulator. The feed rate had to be
measured with high accuracy since this rate would be a direct indication of
the CO 2 conversion rate. A wet-test gas-meter was used for this purpose. A
drying column of calcium sulfate was placed in the outlet line from the meter
to remove water absorbed from the meter. Because this type of meter must oper-
ate at a pressure between 0 inches and 6 inches of H20 gauge, the feed gas
pressure had to be lowered to this range, by a low-pressure gas regulator. A
rotameter was used in the feed line as a rapid indicator of approximate flow
rate for rough flow adjustments. A feed throttle-valve was placed in the exit
line of the wet-test gas-meter for manually adjusting feed flow-rate to meet
the demand 'reated in the reactor during operation. Since the pressure in the
reactor was maintained at 9.0 psig a feed-pump was required to raise the feed
pressure from between 0 inches to 6 inches of 120 to reactor pressure.

Feed entered the system through a tube at the top of the reactor which
passed down in'•o the catalyst; the height of the tube could be adjusted to
allow injection of the feed at any point within the catalyst. The tube termi-
nated in a perforated ring passing through the annular catalyst section, pro-
viding equal flow distribution of the feed.

In the last experiments at the Battelle Institute the feed-tube outlet-
ring was at the interface between the steel-wool catalyst and the commercial
Girdler catalyst pellets. This arrangement provided for the possibility that
the CO2 conversion took place in two steps, although no definite indication of
a two-step mechanism was actually shown. The upper steel-wool catalyst sec-
tion was heated to an outside surface temperature of 525-5500C, and the lower
Girdler pellet catalyst section to 700-7500C. The possible two-step conver-
sion might be:

1. 2 + Co2  20 + Co

2. H2 + CO H 2 0 + C
Total 22 + CO2 + CO = 2H0 + CO + C

At the Battelle Memorial Institute the reactor was operated at 9 psig
with the recycle pumps in parallel and the recycle throttle valve completely
open. Battelle did not report the exact flow rate but subsequent metering of
the system at MRD indicated that the flow through the reactor was approximate-
ly 0.65 SCFM or 18.4 liters/min. Under these conditions a CO2 conversion rate
of 500 cc/mmn was achieved (0.13 lb/hr) or slightly over one-man capacity.

3.3 Experimental System

The Battelle reactor was tested at the MRD laboratories but with some
modifications of several parts of the overall system. The modified system is
shown in Figure 9.
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This system differs from the original Battelle system in that the conden-
sate trap for water condensed from reacted gases was provided with a hand-
valve for the periodic removal of the formed vater. The water thus removed
could be collected and measured and the actual rate of water formation could
be calculated. This rate is a more accurate measurement of the CO2 conversion
rate than the CO2 feed rate for the following reasons.

If the system has an undetected leak, then a false high reading will be
noted in the CO gas feed rate, since, volume-vise, all of the gas leaking out
will be replacei by feed gas. Also, until recycle gases reach equilibrium,
some of the CO fed into the system will be retained in raising the CO , CO
and H20 concenirations to the proper levels. Neither a leak, nor the Kuildup
to equilibrium conditions is reflected in the amount of H.0 formed, and conse-
quently this measurement will provide a more representative indicator of CO2
conversion rates.

The system also differs in that a positive-displacement volumetric gas-
meter was placed in the recycle gas line. This type of meter gives highly
reproducible readings with an accuracy of 1 to 2% of the flow being measured;
a rotameter at the low flow rates under-consideration will give an accuracy of
1 or 2% of its full scale capacity and will give reproducible results only if
viscosity, density, pressure, and temperature of flowing gases remain constant.
The positive-displacement gas-meter reproducibly measures true volumetric flow
regardless of density or viscosity, as long as temperature and pressure remain
constant. (The viscosity and density of recycled gases change continually as
composition changes.) Accurate measurement of the recycle rate was essential
to gauging its effect on CO2 conversion rate, and could not have been made
without a positive-displacement meter. A photograph of the modified system is
shown in Figure 10.

3.4 Experimental Tests

Test Results - Nos. 1 to 3

The first three test runs on the reactor system were merely shakedown
operations to test all components for operability, and to locate and eliminate
leaks in the system. Also, calibrations were made with the gas chromatograph
analyzing system.

Test Results - Nos. 4 to 9

The next group of six tests was concerned with a complete duplication of
the final test run at the Battelle Institute. Several runs within this group
also investigated (1) the possibility of running without the calcium sulfate
driers, (2) the effects of starting the reactor with pure CH 4 initially versus
using a mixture of CH4 and H , and (3) properly preparing the steel-wool and
Girdler pellet catalyst for Khe reaction by reducing with H2 at high tempera-
tures.

In this group of tests the Battelle conversion rate of 500 cc/min was
completely duplicated at a recycle rate of 0.65 SCFM, 9.0 psig, with the steel-
wool section of the catalyst at 5000 to 5250C, and the pellet catalyst section
at 725* to 750OC. The gaseous composition as measured by O/H ratio was app~roxi-
mately 0.40. These runs also indicated qualitatively that the system could be
operated without driers, but no measurements of loss in efficiency were made.
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In these runs, after some carbon was formed and remained In the reactor,
the initial charge of CH4 (based on initial Battelle procedures) would decom-
pose to form E6 and more C, with attendant pressure rise. It was determined
that dbargflbgwv!rh a mixture of 80% %2 and 20% C1H eliminated this pressure
rise, and was used in subsequent runs. The firsi several tests in this group
produced excessive build-up of CO2 and CO. This was due to inadequate reduction

of the catalyst with H2; the %2 in the feed vas reducing the catalyst instead
of reacting with CO , so consequently C02, and equilibrium amounts of 00, were
left in excess in tX reactor. From this it appeared that the catalyst requir-
ed at least twenty-four hours of reducing with pure H2 at temperatures between
600" and 700"C (3.00" to 1300"F).

Test Results - Nos. 10 to 12

The next group of three test.s sought to determine (1) whether the CO con-
version was greater at lower temperatures, as indicated in the results of-the
mathematical analysis and, (2) the quantitative effect of operating without
driers. In these tests the result of operating at lower temperatures showed
that the CO2 conversion rate was approximately cut in half for each 1406C tem-
perature decrease. This indicated that the reaction is predominantly influ-
enced by kinetic or reaction mechanism considerations rather than by equilib-
rium considerations.

The results of operation without driers showed quantitatively that the
CO2 conversion rate was 80% of the rate with driers. Driers in the process
require a vacuum system, and a timed heating and valving system for switching
one drier from onstream to offstream regeneration. The advantages of elimin-
ating such systems far outweighed the gain in CO2 conversion. Consequently,
driers were eliminated from all subsequent runs, and the condenser alone was
used for water removal.

These runs also indicated that the maxnimu CO2 conversion rate was achiev-
ed when the 0/H ratio rose to approximately 0.3, was maintained up to 0.5, and
then fell off above 0.5. The maximum rate was restored when the O/H ratio was
returned to between 0.3 and 0.5. A typical test, No. 12 (a run without driers),
is shown in Figure 11 illustrating this behavior. Although this is not in com.-
plete agreement with the results of the equilibrium analysis, it is relatively
close. The maximum conversion occurs over a range of O/H values from 0.3 to
0.5, rather than only at a fixed value of 0.5. This again indicates the pre-
dominating influence of kinetic rather than equilibrium effects upon CO2 con-
version.

Test Results - Nos. 13 to 14

The next group of two tests was run to determine the effect of operating
without the pelleted catalyst. In previous tests the pellet catalyst was found
to disintegrate at reaction temperature into a fine powder which was sometimes
carried out of the reactor. It appeared desirable to eliminate this catalyst,
if possible. Using the steel-wool catalyst throughout the reactor, but with
the lower 6-inch section still at 700 to 750*C, and the upper 18 inches at 525

to 550eC, and with no driers in the system, the CO2 conversion rate was approx-

imately 70% (350 cc/min) of the original Battelle rate with driers and pellet
catalyst. Because the pellet catalyst seemed unsuitable for use at the desired

reaction temperature, and because the conversion rate did not decrease signifi-
cantly (a drop from 80% to 70% of original rate), the pellet catalyst was
eliminated from subsequent tests.
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Test Results - Nos. 15 to 19

The next group of five tests was directed at determining the effect on
CO conversion rate of (1) raising the 525 to 550"C section of the reactor to
70i6 to 750C, and (2) varying the point at which the feed is introduced in
the reactor. Although the entire reactor was heated to an external temperature
of approximately 7250C, the top six inches of the catalyst was at a lower tem-
perature due to cooling by the inlet gas stream. The top of the catalyst was
at 500"C and this temperature rose to 700*C within the first six inches. Under
these conditions the CO2 conversion rate increased to approximately 75% (375
cc/min) of the Battelle rate. The system was being operated at 9.0 psig, the
original Battelle recycle rate of 0.67 cfm, and O/H ratio of approximately
0.40, and the feed was injected at a level six inches above the bottom of the
steel-wool catalyst.

The feed was next injected directly in the inlet gas stream prior to
entry into the reactor. With the system still at the same increased tempera-
ture level no measurable change could be. noted in the CO conversion rate.
This is of importance because if the feed does not have ?o be injected into
the catalyst directly, the overall reactor" design may be considerably simpli-
fied.

Test Results - Nos. 20 to 23

The next group of four tests investigated the effects of raising the re-
cycle rate to values greater than 0.67 scfm. The recycle rate was raised 1.45
cfm and the CO conversion rate rose in almost direct proportion to 900 cc/min,

or approximately 1.8 man capacity. The recycle rate was raised further for a
short time to 2.40 scfm and the conversion rate rose in fairly close propor-
tion to 1300 cc/min, or slightly over 2.6 man capacity. This recycle rate was
sufficient to dislodge some carbon particles from within the catalyst-bed, and
to cause subsequent plugging of the system. %iall particles of steel-wool
catalyst material were also dislodged from the catalyst-bed by the high flow
rate.

Test Results - Nos. 24 to 26

Three additional tests were next run using carbon-steel screen material
as a catalyst instead of steel-wool. These tests were run to determine (1) if
screen material having the same surface area as the steel-wool would provide
the same CO2 conversion rate, (2) if screen material would retain its original
configuration and not break into small particles due to reaction effects, and
(3) whether carbon could be blown completely out of the reactor on a continu-
ous basis at a sufficiently high recycle rate.

These tests indicated that the steel screen material catalyzed the conver-
sion at the same rate as steel-wool. With a recycle rate of 1.12 scfm the CO 2
conversion rate was 700 cc/mmn, and at 1.82 scfm it was 1000 cc/min. During
these tests the water condenser tubing clogged due to carbon build-up from
previous runs and from a small amount of very fine carbon generated in these
runs. This behavior indicated that carbon must not be allowed to enter the
water condenser under any circumstances. A steel-wool filter was placed in
the reactor outlet line, and a new condenser with a larger diameter gas line
was installed. The additions eliminated further plugging.

The screen material retained its structural integrity for a total test
period of ten hours. Screen wire diameter was 0.012 inches. Carbon collected
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heavily on the screens, and only a very small amount was blown out of the cata-
lyst, even at 1.82 scfm. Carbon was found to have formed almost completely in
the cooler (500o to 700C) end of the catalyst, with very little carbon in the
hot (700 .to 7500C) end.

Test Results - Nos. 27 to 32

The next group of six tests were run to observe the effects of automatic
feed of H2 and C02 gases.

These tests showed that both gases could be fed automatically, and that
the maximum conversion rate under these conditions, with all other system vari-
ables held the same, was approximately 700 cc/min.

Test Results - Nos. 33 to 34

These tests were run to show the effects on reaction rate of operating at
2 psig instead of 9 psig.

The results of these tests indicated that changing the operating pressure
level from 9 psig to 2 psig had a negligible effect on conversion rate.

3.5 Sunmary of Test Results

From the experimental tests conducted with the CO2 reduction system the

following results were determined:

(a) The recycle gas composition should lie between an O/H ratio of 0.30
and 0.50 for maximum CO2 conversion rates.

(b) The steel catalyst must be adequately reduced with hydrogen for 24
hours at a minimum of 600°C.

(c) The system can be operated without calcium sulfate driers for water
removal, with only a 20% loss in conversion efficiency.

(d) The system can be operated without a pelleted commercial catalyst
in addition to the carbon-steel catalyst with no loss in efficiency.

(e) CO2 conversion rate increases by a factor of two for a 1I4OC increase
in reaction temperature, in the range between 300*C and 750*C.
Also, the CO2 conversion rate increased when a greater portion of the
reactor was raised to increased temperatures.

(f) CO2 and H2 may be fed into the reactor along with inlet recycle
gases, rather than at some point within the catalyst bed, with no
loss in conversion efficiency.

(g) The CO 2 conversion rate varies approximately directly with recycle
flow rate.

(h) Sufficiently high linear flow rates will slightly disturb carbon
deposited in the catalyst bed.

(i) Carbon-steel screen material of equivalent surface area with that of
steel-wool used in previous experiments, will catalyze the reaction
to give the same C02 conversion rate as with steel-wool. Screening,
having a larger wire diameter than steel-wool strands, retains its
structural integrity for a longer period.

(J) The Battelle reactor can be operated continuously at a 2.6 man
capacity with a sufficiently high recycle rate.
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(k) Carbon particles must not be alloved to enter the vater condensing
system. Moistened carbon agglomerates readily, and causes plugging
of lines.

(1) Feed gases may be fed automatically vithout any effect upon the
conversion rate.

(a) changing the operating pressure level from 9 psig to 2 psig had a
negligible effect on the conversion rate.
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SECTION 4

ENGINEERING MDDEL

4.1 Design Requirements

In the CO conversion system a number of basic requirements governed the
arrangement an size of the system. These requirements were:

(a) The C02 conversion rate must be 1500 cc/min, capable of supporting
three men.

(b) The catalyst should be easily replaceable, and its compartment or
container readily cleaned.

(c) The carbon formed in the reactor must be removed in a simple,
efficient manner for storage or disposal.

(d) The recycle gas flow rate should be optimized.

(e) The power requirements should be a minimum.

(f) The reactor must operate under the influence of weightlessness; and
also in a range from 0 to 1-g of force, and should be capable of
withstanding 15-g force.

(g) The reactor should be as simple, compact and lightweight as possible,
and should have a long life.

4.2 Overall System and Flow Diagrams

The preliminary design of the CO 2 reduction system was composed of a
reactor and carbon collector, a counter-current heat-exchanger water-condenser,
a water separator, a recycle gas pump, and the CO2 and hydrogen feed subsystem
with overall system controls and instrumentation. Visual indicators were
included for verifying proper system operation. These components, with the
exception of the C02-H2 feed subsystem, are shown in Figure 12.

In the engineering model, all of these components, except the heat ex-
changer-water condenser, were constructed according to the preliminary design.
The heat exchanger-water condenser construction was changed due to difficulties
encountered in actual fabrication. Details of this change are described under
paragraph 4.4.

A draving of the assembled engineering model is shown in Figure 13. The
arrangement and packaging of the components differs somewhat from the prelimin-
ary design, but in essence is the same as shown in Figure 12.

A block-type flow diagram is shown in Figure 14, illustrating the major
components of the system and pressures, temperatures and composition at various
points in the system. In essence a mixture of CO2 , H2 , CH , and CO gases is
continuously circulated in and out of the reactor in a clottd loop. Water
formed by the reaction of CO 2 and H2 is continually reboved and CO2 and H2
which have reacted are continually Peplaced. Carbon formed by the same reaction
either (a) remains in the catalyst where the reaction takes place, and is re-
moved when the catalyst is removed, or (b) is blown free from the catalyst
section and into the carbon collector for periodic removal by blow-down with
excess hydrogen gas. A pictorial type flow diagram showing the actual path of
the gases in each component of the system is illustrated in Figure 15.
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Starting at Point A on either diagram the mixture of gases enters the
inlet side (annulus) of the counter-current heat-exehanger at approximtely
100F and 7.5 psig, at a flow rate alihtly over 3 scft. The composition by
volume of these gass is n15-50% 16, 5-7% 00, 35-1.0% CH and 0-15% 00. Some
water vapor is prqsent, approxiately 0.5 tW 1.0% by vokume, corresponding to
the outlet composition of the water-saturated gas stream leaving the water
condenser.

The gas mixture leaves the heat exchanger and enters the reactor at
approximatel 9507F and 5.5 psig. Within a central riser inlet tube the gas
is heated further by an electric heater to 1300*F. The gases reverse flow
direction and pass through a large annulus containing iron catalyst wherein the
reaction to form water and carbon takes place. By the time the gases have
passed through the catalyst the temperature has dropped to ll2O5F. These re-
acted gases then enter the outlet side (center tube) of the heat exchanger at
this temperature, and still at 5.5 psig.

The gases leave the heat exchanger and enter the water condenser at
approximately 200F and 2.5 psig. Sufficient cooling of the gases occurs to
condense 75% of the water present in the gas stream. The gases, with entrained
water droplets, leave the condenser at 50"F and 1.5 psig, and enter the water-
separator.

In the water separator the entrained water droplets are trapped in sponges,
while the gases pass through for further recycling. The gases leaving the
water separator pass into a mixing tank which is mounted integrally with the
recycle pump.

A carbon dioxide detector cell is located in the recycle gas piping leav-
ing the condenser. The signal from the detector is used to operate a feed valve
which adds CO2 to the gas stream entering the reactor.

The preliminary design called for a servo-operated valve, but this was
changed in the engineering model to an ON-OFl type solenoid valve. The solenoid
valve provided adequate flow control, and was more reliable and required simpler
controls than a servo valve. The system total pressure is transmitted to a
pressure regulator which controls the hydrogen feed supply and adds ý2 to the
gas stream entering the reactor.

Together these two subsystems add CO and Ein the correct amounts to
replace CO and .% which reacted to form ater ahd carbon. The complete gasmixture enters the pump at 50a-6F and 1.5 psig, end leaves the pump at 150"F
and 7.5 psig. This returns the loop to the original starting point A. A
detailed description of each of the nmajor components is given in the following
paragraphs.

4.3 Reactor and Carbon Collector

In the preliminary design it was assumed that carbon would be left undis-
turbed in the catalyst during CO reaction and that the carbon would be removed
during cleaning of the system. Earbon could be removed together with the cata-
lyst material when the volume capacity of the reactor is filled with carbon,
and a new catalyst package could then be inserted in the reactor. As an alter-
nate method, excess hydrogen gas could be blown through the catalyst at a high
velocity to dislodge carbon from a rigid fixed catalyst configuration for dis-
posal overboard through an appropriate valving system. Both of these methods
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presume that carbon would collect and remain within the reactor during the
reaction process.

Based on experimental measurements of the density of carbon formed in the
reaction, the volume of carbon formed by three men in one day is 0.113 cubic
feet. The length of a four-inch diameter reactor is 16 inches for a one-day
operation, and 54 inches for three and one-half days. The length of a six-inch
diameter reactor correspoingly is 7 inches for one day, and 24 inches for
three and one-half days. The dimensions of a reactor for storge of carbon
formed over periods longer than three and one-half days were found excessive
and were not considered. The 6-inch diameter and 24-inch length were consider-
ed the more desirable combination of dimensions from insulation loss calcula-
tions. The preliminary design of the reactor proper is shown in detail in
Figure 16.

In the engineering model the active conversion section of the carbon diox-
ide reactor consists of a thin-walled removable 5-3/4-inch diameter cylinder,
12 inches long, fitted to the inside of the main reactor body having approxi-
mately the same length. Although the preliminary design called for a 24-inch
long reactor, both 12- and 24-inch sizes were constructed for comparison pur-
poses during experimental testing. The shorter unit was found to be capable
of delivering the desired conversion rate; the unit also was lighter and could
be started up and heated by only a single heater. Flor these reasons the
shorter unit with one heater was adapted for use in the engineering model.

The reactor section is filled with catalyst. An inlet tube one inch in
diameter runs up the center of the catalyst zone, thus providing the inlet
line for gases entering the reactor, and also providing the proper location for
the 3/4-inch diameter heater element which heats the incoming gases. The re-
sulting constricted flow past the heater element is necessary to provide the
high linear flow velocity needed for adequate transfer of heat from the element
to the inlet gases.

The catalyst cylinder is fitted with coarse screen material on both ends
to form a canister for holding the catalyst material. The inlet gas tube is
fitted with arms to center it within the canister, and may be disassembled to
remove or replace catalyst material. The catalyst is iron in the form of a
screen-like expanded metal approximately .02-inch thick cut in one-inch
squares.

The canister fits into the main reactor body which measures six inches in
diameter and approximately fifteen inches long from the top of the hemispheri-
cal end to the connection flange end. The top of the canister seals against a
lip at the top of the reactor body by means of an asbestos gasket. This seal
prevents recycled gases from passing between the walls of the canister and the
reactor.

The lower end of the reactor body is fitted with one-half of a special
aircraft-type flanged connection. This flange mates with the other half of
the flanged connection attached to the upper end of the carbon collector. The
two flanges are drawn together by a ring-type V-clamp fitted with two bolt-and-
nut assemblies for drawing up on the clamp. A special stainless-steel gasket
ring between the flanges seals the connection.

The reactor is insulated with a four-inch thick layer of an asbestos-
magnesia type of soft felted insulation material. The insulation is protected
from externa. damuge by a 0.032? thick aluminum skin suspended from the reactor
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Sbody. At the flanged end of the reactor, the soft insulation is protected by
a one-half-inch thick layer of hard concrete-asbestos type insulation material.

At the hemispherical end of the outer aluminum-skin is a snmal aluminum
dome which houses an electrical disconnect coupling for the two leads provid-
ing power to the heater element. 'This coupling allows removal of the heater
element without the need for cutting the heater leads.

The carbon collector body is a four-inch diameter stainless steel one-
eighth-inch wal tube, twenty inches in length. The upper inlet end is fitted
with a nozzle plate which physically lies directly beneath the outlet of the
reactor. Four outlet ports lying Just belov the nozzle plate are provided in
the wall of the carbon collector, leading to the outlet gas side of the counter-
current heat exchanger. A stainless steel wool filter is provided Just beneath
the nozzle plate at the outlet port holes to prevent passage of carbon into
the heat-exchanger.

Four inlet ports are provided in the wall of the carbon collector, Just
above and outside the outer edge of the nozzle plate. The inlet ports lead in
from the inlet gas side of the heat-exchanger to a distributor manifold mount-
ed at the top of the carbon-collector. The distributor manifold butts direct-
ly up against the bottom end of the central inlet gas tube in the reactor
canister. The nozzle, manifold, and central inlet tube are sealed with asbes-
tos gaskets to their respective mating surfaces.

The bottom end of the carbon collector is hemispherical, and is fitted
with an outlet pipe poiling down. The outlet pipe leads to a 30 psig safety
relief-valve with an override handle for periodic removal of carbon by blow-
down with hydrogen gas.

At the flanged end the carbon collector is wrapped with a four-inch thick
layer of soft insulation, with the upper end protected by a one-half inch thick
layer of hard asbestos-concrete insulation. The four-inch thick layer extends
down for approximately six inches and then tapers uniformly down to a one-inch
thick layer at the bottom of the carbon collector.

The outer-surface of the soft insulation is protected by a 0.032" thick
aluminum skin. This skin also extends across and is bolted to the bottom end
of the collector.

The bottom end of the carbon collector is mounted on a support frame of
aluminum angles and plates. The angle supports extend up to the top of the
aluminum skin around the collector, and tie into an aluminum ring welded to the
top edge of the skin. The reactor is connected to the carbon-collector and is
supported by means of the previously described flange and clamp assembly.

4.4 Beat Exchanier-Water Condenser

To minimize the power requirements necessary for operating the CO2 reduc-
tion system an efficient optimu design heat exchanger is required to recover
the heat energ in the hot gases leaving the reactor for transfer to cold gases
entering the reactor. A counter-current exchanger was selected since this
type provides the maximum final temperature of Incoming gases, and minimu final
temperature of effluent gases.

A mathematical model was developed on the basis of a square-tube exchanger
so that an optimu design for the exchanger could be determined. A bundle of
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four square tubes vas selected since in this configuration the walls of the
square tubes act as hast-transfer fins and provide an effectively greater heat-
transfer area. Tram the mthematical analysis and a weight penalty trade-off
for power requirements, a program was developed for a study with the IBM 16M0
computer at the MM Division.

The complete heat-exchanger optimization is shown under Item IV in the
Appendix. The results of the study showed that a bundle of four, 5/16-inch
square tubes at 9% effectiveness provided the optimum design. The coiled
diameter was chosen to correspond to the six-inch reactor diameter. The height
of coil required vas found to be approximately ten inches, with a coil weight
of 8 pounds.

Although this type of exchanger was shown theoretically to be highly
appropriate for the CO reduction system, problems encountered in final fabri-
cation prevented its u2timate use. Special extrusion dies, or special welding
apparatus would have been required for fabrication, and an excessive amout of
time would have been required for providing either of these special fabricat-
ing systems. Consequently, the square tube configuration was not utilized in
the final engineering model.

The round-tube concentric counter-current heat exchanger was relatively
similar to the square-tube design in m•ny of its heat transfer characteristics.
and could be wrapped readily in the required helical form.

Consequently, in the engine#, ",' model, the heat-exchanger consists of a
3/0-inch O.D. copper tube. This tube absembly is wrapped in a close-wound
helix, 8-inch O.D. by 6-1/2-inch I.D., and approximately 12-inches high. The
inlet gases flow up through the annulus, and oatlet gases flow down through
the central tube.

The helix is located around the upper 12 inches of the carbon collector,
in the center-section of the soft insulation. The inlet connection to the
annulus is on the right-front side of the insulation skin, approximately nine
inches above bottom. The inlet gas annulus terminates in four connection tubes
leading from the outlet ports also at the top end of the carbon collector.
The outlet gas line passes out of the heat exchanger coil and into the water
condenser coil.

The water condenser is exactly similar to the heat exchanger, i.e., 3/8-
inch I.D. and 3/4-inch O.D. tubes, wrapped in an 8-inch O.D. by 6-1/2-Inch I.D.
helix. The helix is approximately 7 inches high and is located directly below
the heat exchanger around the lower 7 inches of the carbon collector within
the soft insulation. The outlet gases flow down and out through the central
tube which passes through the bottom support plate under the carbon collector.
A liquid coolant such as water or ethylene glycol-vater solution passes up
through the annulus counter-current to gas flow. The inlet to the coolant line
is under the bottom support plate and the outlet is on the left side of the
carbon-collector insulation skin, approximately 8 inches above bottom.

4.5 Water Separator

The water formed in the CO2 reduction is the desired end product, and has
to be continuously removed from the reactor outlet gas stream. A water separ-
ator has been designed to meet the need for continuous water removal without
penalizing or restricting gas flow.
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The water-separator consists of a double-end, 4-inch diameter aluminum
piston moving back and forth within a horisontal closed 14-inch long alyuinum
cylinder, alternately compressing and releasing a 3-1/2-inch thick water-
absorbing sponge at each end of the cylinder. The piston Is driven from one
end to the other by a brass rack and pinion gear train. ae pinion gear is
mounted on the drive shaft of 1OOV A.C. electric motor, with rotation reversed
automatically by an electrical switching circuit. 7he motor and switching
circuit are mounted on the outside rear wall of the cylinder, within a gasketed
bullet-shaped aluminum housing.

The ends of the cylinder are fitted with gasketed removable caps. Removal
of these caps provides direct access to the absorbing sponges, and to the pis-
ton and gear-train drive.

Inlet gas connections to each sponge are mounted on the rear wall of the
cylinder. The outlet connections are on the front wall, and are Joined by a
header tube with a connection line leading to the recycle pump.

The removable caps on each end of the cylinder are fitted with check
valves to prevent gas outflow during water absorption. The valves release water
to a collection tank when the piston has closed off the gas Inlet and is com-
pressing the water out of the absorption sponge. The collection tank is vented
to the system at any point between the outlet fros t'.e condenser to the recycle
pump inlet.

The sponge material Is polyurethane foam with a coarseness of 30 pores
per inch. This type of sponge is water absorbent, and is flexible whether vet
or dry.

4.6 Recycle Pp

In the continuous operation of the CO2 reduction system a reliable, effi-
cient, non-leaking, and long-life means for recycling the gases through the
reactor is required, Experience with positive displacement diaphragm pumps
indicated that these .-x=ps do not leak but that their reliability and life are
not adequate for recycle requirements. &mall particles of entrained carbon
plugged check valves in these pumps and effectively prevented pumping. Blower
fans were found to be inefficient, mainly because they could not develop enough
positive pressure to overcome the pressure drop In the system, which, although
small, was not negligible.

A positive-displacement sliding-vane pump operated reliably and efficient-
ly, and did not leak. This pump is of simple construction with large, unob-
structed, Inlet and outlet parts, and operates effectively against the pressure
drop in the system. On the basis of actual experience and comparison with dia-
phragm pumps and a blower fan, the vane-pump was selected for the preliminary
design and was used in the engineering model. The pimp consists of a rotor
and sliding graphite vanes, which revolve in a cast-iron housing with alumium
end plates. The vanes run dry and donot require a lubricant.

Spun aluminum cups are mounted on the end plates with 0-rings to prevent
any outleakage of gas along the piump shaft. One of the end cups is elongated
to Parve as a mixing tank for combining inlet feed gases with recycled gases.
An inlet port has been cut in the corresponding end plate for entrance of the
gas mixture. The normal pimp inlet has been sealed with a plug.



A 220-volt, three-phase 1700 RPM drive motor is mounted within the enlarg-
ed cup, and is coupled directly to the pump.

The Incoming cup, and the Incoming feed gases enter on the rear side. The
gas mixture leaves the pump through the normal pump outlet which points upward.

The actual pump rotor-housing is exposed to ambient temperatures to permit
dissipation of the heat of compression and friction generated during operation.
This amount of heat is not inconsiderable as evidenced by the rise in tempera-
ture of recycled gases from 70"F at the inlet to approximately 150*F at the
outlet of the pump.

4.7 Controls an.4 Instrumentation

The variable controls in the CO2 reduction system are the reaction tem-
perature control, the hydrogen partial pressure control, and the carbon dioxide
partial pressure control. The instrumentation components in the system are
system inlet and outlet pressure gauges, reactor inlet and outlet temperature
indicators, carbon dioxide composition indicator, heater element indication on-
off switch and circuit breaker, recycle-pump indicting on-off switch and fuses,
and vater-separator indicating on-off switch and fuse.

The reaction temperature control, which operates the heater element, con-
sists of a Fenval bimetallic temperature-sensing switch, an electric relay, and
an on-off switch and circuit breaker. The bimetallic switch is mounted inside
the upper end of the reactor body, with the temperature sensing element posi-
tioned at the hottest point in the flowing gas stream at the outlet of the
central riser tube in the catalyst canister. The switch is normally open, but
when the temperature rises above the set-point the switch closes. The sensi-
tivity span of the switch is approximately 300F, and the range of the switch is
from 3000 to 15000F. Since the system is required to act at maximum capacity
the switch is set at 1300F, the optimum operating temperature as determined
experimentally. The operating set point is altered by a screw on the external
end of the switch which protrudes through the aluminum insulation skin near the
top left side of the reactor housing. Screwing in raises the set point. A
protective cap over tie setting screw is held in place by two small screws.

Because the system is operated at maximum conversion capacity the switch
set-point need not be altered after initial setting. For this reason no provi-
sion was made for continual alteration of the set point with a control knob on
the instrumentation-control panel, although this had been originally planned
in the preliminary design.

In normal operation the reactor heater should be on at all times when the
gas temperature at the top of the reactor is 1300OF or less, and off when the
temperature exceeds 1300OF. The bimetallic switch is open at 1300OF or below
so a normally closed relay activated the switch is used to supply power to the
heater element. The relay is closed and supplied power to the heater at 13006F
or below, and is opened to cut off power above 1300°F. The heater relay is
mounted in the upper control circuit box positioned on the right side of the
systeL, angle supports. A removable lead-cable connects the temperature switch
to tLe relay. Another removable lead cable supplies power from the circuit box
to the heater element connection under the dome at the top of the reactor insu-
lation skin.

On the instrument panel the heater is turned on or off by means of a
lighted indicating "On-Off" switch. All indicating on-off switches are
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Minneapolis-Honeyvell "Micro-Switches". Either the On or Off half of the
switch is lit indicating the status of power supply to the heater circuit, but
not necessarily that the heater itself is actually on or off, since this is
controlled by the automatic bi-metallic switch. A manually re-set Klixon Cir-
cuit-breaker is located on the instrument panel above the "On-Off* switch to
protect the heater from over loading. The circuit-breaker is energized with
the switch in the right-hand position.

The reactor heater mast not be turned on until the recycle gas pump has
been started and gases are being circulated. Turning on the heater in a stag-
nant gas stream will result in burning out the heater element in a matter of
ten or fifteen seconds.

Two temperature indicators are provided on the instrument panel. The
"Inlet" temperature is the reactor wall temperature at the top of the canister
where the gases enter the catalyst. The "Outlet" temperature is the reactor
wall temperature at the bottom of the canister where gases exit from the cata-
lyst bed.

These Lewis Co. ambient temperature-compensated indicators are millivolt
meters calibrated in OF to read directly the output from Chromel-Alumel thermo-
couples attached to the reactor surfaces. At normal reaction temperatures of
13000F inside the reactor, the "Inlet" reads l£JO*-l225*F, and the "Outlet*
reads 1075 -llOOF.

The hydrogen partial pressure control consists of a Bastian & Blessing
diaphragm and spring type pressure regulator operated to total system pressure.
This regulator senses the system pressure in the gas mixing tank on the inlet
side of the recycle pump. The operating output range of the regulator is 1 to
5 psig, and the sensitivity span is 0.1 psi.

The required supply pressure to the regulator for a 1 to 5 psig output is
a minirom of 8 psig, and maxiamu of 50 psig.

Two Aircraft Components, Inc., pressure indicators are provided on the
instrument panel. The inlet pressure gauge indicates the system pressure at
the inlet to the gas annulus of the heat-exchanger. The outlet pressure Indi-
cates the system pressure In the gas outlet line from the vater-condenser.
Both indicators are marked from 10' Rg to 50" Hg, absolute, which is equivalent
to -10 psig to +10 poig.

The regulator is set at approximately 1.5 psig, (33" 3g) as indicated on
.the outlet pressure gauge when the recycle pump is running. This lover setting
was chosen to simulate the operating pressure level which might exist aboard
space craft.

In operation the regulator allows bydrogen gas flow at pressures below
1.5 psig. At pressures equal to or greater than this set-pressure the regu-
lator closes completely and stops flow. The regulator allows flow at a varied
rate based on the demand of the system to maintain the set pressure, and no
metering or throttling valve is required In conjunction with the regulator.

The operating set-point is altered by a notched screw plate in the neck
of the regulator. Screving the plate down raises the set-point pressure. The
top of the neck Is protected by a removable cap.



The hydrogen regulator is Just beneath the control panel. No provision
is necessary on the control panel for continued adjustment of the operation
pressure, since the reaction conversion rate is not greatly affected by pres-
sure variation.

Although the hydrogen pressure regulator actually senses the system total
pressure rather than hydrogen partial pressure, it does effectively control
the hydrogen partial pressure. In system operation the CO2 control system
directly senses CO partial pressure and maintains it at a pre-determined level.
The remaining partial pressures of gases in the system can be raised or lowered
only by raising or lowering the total system pressure. Under operating equi-
librium conditions the partial pressures of gases other than CO2 and %2 remain
constant. Therefore controlling the system total pressure controls the hydro-
gen partial pressure.

The carbon dioxide partial pressure control consists of a Beckman Co.
carbon dioxide sensor, an electronic amplifier and power supply, a composition
set-point control knob, a composition indicator with a zeroing control knob,
and a Skinner Co. electric solenoid valve.

The carbon dioxide sensor is located in the outlet gas line between the
heat-exchanger terminus and the inlet to the water separator. The sensor con-
sists of a glass-electrode cell sensitive to the hydrogen-ion concentration of
a Jelly-like solution suspended in a gas-permeable membrane around the elec-
trode. Passage of carbon dioxide through the membrane, either into or out of
the Jelly-like solution, changes the hydrogen-ion concentration which in turn
causes a change in the output of the glass-electrode cell. The output from the
electrode cell is utilized to indicate and control the carbon dioxide concen-
tration. The sensor is connected by a removable cable to a Jack and two plug-
in receptacles at the top of the amplifier circuit housing. This housing and
the power supply housing are -munted on the right side of the system support
frame.

The sensor output signal is electronically amplified and compared with an
adjustable reference signal. The reference signal set-point is controlled by
the CO control knob on the instrumentation panel. If the cell output signal
is lower than the reference point, indicating a CO concentration lover than
required, a circuit operates to open a solenoid valve which admits carbon di-
oxide into the system. Conversely, if the output signal is higher than the
reference point, indicating excess CO, the circuit does not operate and the
unenergized solenoid valve remains closed. Excess carbon dioxide is automatL-
cally consumed during reactor operation, thus lowering the concentration to
the required level.

The carbon dioxide concentration is shown on the CO2 composition indica-
tor on the instrumentation panel. The meter is calibrated from 0.0 to 2.0
units. The passage of the meter needle from 0.0 through 2.0 signifies a change
in CO2 concentration from 0.0 to 5.6% by volume at 1.5 psig and 50*F at the
sensor. To signify concentrations above 5.6% the needle should be re-set to
0.0 imnediately upon reaching 2.0 . The second sweep from 0.0 through 1.0 sig-
nifies a concentration change from 5.6% to 36.0% CO . The relation between the
meter reading and the concentration is approximately logarithmic, and the cali-
bration is as follows;
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Meter CO2 Vol.

0.0 0.0
0.5 0.4
1.0 0.9
1.5 2.2

Sweep 1.7 3.2
1.8 3.8
1.9 4.8

2.0-0.0 5.6
0.1 6.7
0.2 8.1
0.3 9.9

2nd 0.4 12.0
0.5 14.5

Sweep 0.6 17.2
0.7 22.2
0.8 25.0
0.9 30.0
1.0 36.0

Initially when no CO is present the CO2 composition indicator -must be
zeroed by means of a smaIf zeroing control knob on the upper end of the ampli-
fier circuit housing. The same knob is used to reset the needle from 2.0 to
0.0 to utilize the second sweep range.

In normal reactor operation the CO2 concentration at the sensor in tbe
outlet gas line is approximately 5% by volume. Once the CO composition indi-
cator has been zeroed a concentration corresponding to 5% CO should be simu-
lated on the indicator by turning the zeroing control knob. -The indicator
reading should be approximately 1.9 as noted from the calibration table.

With the indicator reading 1.9 the CO2 control knob below the indicator
is slowly rotated to open the solenoid CO2 feed valve. Rotation should stop Ps

soon as the valve clicks open, thus correctly positioning the control knob at
the desired set-point of 1.0. In general the set-point is positioned before
CO2 is introduced into the system. However, the set-point may be raised or
lowered at any time, including during operation, by rotating the control knob.

The sensitivity span of the composition control is approximately 0.05
units on the indicator. Thus the CO solenoid valve will remain open until the
reading rises to 1.95; the valve viii then close and remain closed until the
reading falls to 1.85.

The pressure of CO2 to the solenoid valve should be approximately 3 psa
above the system outlet pressure. The CO feet to the solenoid valve should
be throttled to slightly over 3-nan capacity, approximately 1600 cc/min. These
feed conditions are necessary to overcome the 3.0 psi drop across the solenoid
at 1600 cc/min of CO•, and to supply sufficient CO2 to maintain the optimum
C02 concentration of50% by volume in the outlet gas stream.

The recycle pump is operated by a lighted indicating "On-Offu switch on
the lower left side of the instrument panel. The sviten is a triple-pole,
double throw unit, since the recycle pump motor requires three-phase, 220-volt
power. The switch is tied directly to the three-phase, 220-volt incoming povu
supply to the instrument panel. Two phases of the power are fused to protect
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the motor from overloading. The fuse holders are located on the panel. In
the event of a fuse blow-out a small neon light in the end of the fuse holder
lights up denoting the blow-out.

The indicating "On-Off" lights in the switch show the position of the
throw bar. These lights however are powered by the 10-volt line to the panel,
rather than by the 220-volt supply.

The water-separator is also operated by a lighted indicating "On-Off"
switch on the lower right side of the panel. The circuit to the drive motor is
protected with one fuse to prevent motor overload. The fuse is located on the
panel front, and in the event of fuse blow-out a semll neon light in the fuse
holder lights up. The indicating on-off lights show whether power is supplied
to the water-separator drive motor.

Both 1lO-volt single-phase and 220-volt three-phase power are supplied to
the Instrument panel. The entire systeA, with the exception of the recycle
pump, operates on 11O-volt power which is fed through a manually re-set circuit
breaker switch at the lower right corner of the panel.

4.8 System Assembly and Preparation for Operation

The carbon dioxide reduction system has been designed to allow system
operation and maintenance with a minimom of assembly and repair steps.

Reactor-Carbon Collector Assembly

The major step in assembly of the unit requires joining the reactor upper
section to the carbon-collector lower section. The mating ends of each section
are fitted with special stainless steel grooved flanges. A machined stainless
steel gasket fits in the grooved surfaces to seal the flanges.

The flanges are drawn together by a circular clamp with a vee-shaped
cross-section. The clamp is divided into two halves, and the halves are fitted
with draw-bolts at the junctions of the halves, for tightening the clamp.

In preparation for assembly the flange surfaces must be wiped clean. Very
fine steel wool may be used if necessary. It is essential that the corners of
the grooves be clean and smooth.

The circular clamp should be laid in place around the flange on the carbon
collector. The gasket should next be positioned on the flange groove, making
sure the gasket contour batches the contour of the flange face.

The bottom end of the inlet tube in the center of the reactor canister
terminates in a flat ring surface fitted with four locating pins. An asbestos
gasket, the same size as the ring, fits over the four pins, flush against the
ring face. This gasket seals the canister inlet tube to the inlet gas manifold
at the top of the carbon collector. The gasket should be pushed over the four
pins prior to joining the reactor to the carbon-collector.

With the asbestos gasket in place, the reactor is carefully lowered onto
the carbon collector. The four locating pins must be fitted into four mating
holes in a matching ring at the top of the gas manifold on the carbon collec-
tor. When the reactor is finally in place the space between the mating flanges
should be less than 1/32 inch.
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The circular clamp in tightened around the flanies, and the stainless
steel gasket is compressed and actually cold-vorked to completely seal the
flange-Joint. The clamp is tightened by drawing-up on the two bolts Joining
the clamp halves. The clamp should be tapped with a hammer while tightening,
and epch bolt tightened to between 160- and 200-inch-pounds of torque.

Two Insulated spacers fit in the open tvo-inch space between the assembled
reactor and carbon collector. These spacers are held in place by four latch
assemblies attached to the reactor and carbon collector insulation skins. The
latch assemblies draw the insulation skins together slightly, and provide addi-
tional rigidity to the system support structure.

Heater Replacement

In the event that the heater element requires replacement, the heater may
be removed without disassembly of any other part of the system. The heater
element is accessible through the top of the reactor insulation skin.

The power supply cable to the heater may be disconnected from the protec-
tive dome by unscrewing the electrical connector. The dome should be loosened
by removing the screws holding it to the insulation skin. A special two-wire
connector lies under the dome inside a layer of soft insulation. The dome and
soft insulation have to be carefully raised to expose the connector. Once ex-
posed, the ceramic-insulated heater lead wires should be disconnected from the
connector. The dome, insulation, and connector may then be completely detached
from the reactor top.

The heater mounting assembly is now exposed, and the special removal
wrench may be inserted in place. The heater mounting assembly is removed by
unscrewing with the removal wrench. The mounting assembly is sealed to the
threaded coupling In the reactor body by a special asbestos and stainless steel
gasket, which will be removed along with the complete heater assembly.

Once the heater assembly is removed, a new replacement assembly, including
a new asbestos and stainless steel gasket way be inserted. The male threads on
the assembly mast be coated with a lubricant such as Svagelok Co. "Silver Goop"
capable of withstanding at least 1800'? for prolonged periods. The lubricant
is essential to preventing galling and freezing of the mounting threads.

After the heater assembly has been replaced, the Teflon connector, insula-

tion, and dome are reassembled, and the power supply cable is re-connected.

Ctalyst ftlEement

Removal of the catalyst requires disassembly of the reactor from the car-
bon collector. This Is accomplished by reversal of the procedure described
under Reactor-Carbon Collector Assemblyn.

Once the reactor has been detached the catalyst canister my be removed
from the reactor body. (In the engineering model additional special thermo-
couples were provided which probe into the catalyst material, passing through
both the reactor and canister walls. These thermocouples mast be rmoved before
the canister wi slide out of the reactor. The thermocouples my be removed
by loosening special fittings and nut assemblies at the outer surface of the
aluminum Insulation skin).
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After the canister has been removed fom the reactor, the internal support
assembly shoud be removed by unscrewing four mmall cap screvs on the bottom
rim Of the canister. This will free all of the catalyst, inlet tube, support
arms, and both botom and top screens from the canister wall. The catalyst may
then be removed for disposal.

In preparation for replacement with new catalyst the top screen is removed
from the top support arms. The tube, support arm, and. bottom screen are then
replaced in the canister wall and screwed in place with four cap screws. New
catalyst is added to the canister through the top until filled. The top screen
is then re-wired to the top support arms. The canister is ready for replace-
ment in the reactor.

Before replacing the canister a new asbestos gasket should be inserted to
fit between the rim at the top inside of the reactor and the top rim of the
canister. With this gasket in place the canister may be re-inserted. (The
canister in the engineering model should be rotated to line up the thermocouple
holes in the canister wall with the matching holes in the reactor wall. The
thermocouples should be re-inserted into the catalyst, and the fittings and
nuts on the ouside of the insulation skin should be re-tightened).

Leak Testing

Prior to operation of the system all connections, Joints, seals, valves,
fittings, and flanges, should be tested for leaks. As a preliminary to actual
leak testing a manometer should be connected into the system, preferably any-
where between the gas outlet from the condenser and the inlet to the recycle
pump.

When the system has been completely connected and all probable leak
sources have been visually and mechanically checked, the pressure should be
raised to approximately 10 psig. The pressure loss rate as indicated by the
manometer should not exceed 2 sm. (0.2 cm) per minute. If the pressure loss
rate is equal to or lower than this rate no further leak testing is required
since this is the residual leak rate for the system as determined experiment-
alny.

If the pressure loss rate is greater than 2 m/min, the system should be
pressurited with Freon gas and tested for leaks with either an alcohol-flame
detector, or an electronic halogen detector. After leaks have been found the
pressure loss rate should be equal to or less than 2 mmmin.

After leak testing the system should be purged with pure hydrogen gas in
preparation for system operation.

Catalyst Preparation

When new catalyst has been added to the system, and after the system has
been satisfactorily leak-tested, a 24-hour period is required to condition the
catalyst.

Prior to heating during conditioning, the system should be purged with
hydrogen. The hydrogen should feed through the hydrogen pressure regulator
set at 1.5 psig (33" Hg) on the outlet pressure gauge. This is necessary to
replace hydrogen which is lost through leakage. The system pressure mast be

held above atmospheric; otherwise a vacuum might be created on the inlet side
of the recycled pump and air could leak into the system. If possible the gas
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composition should be tested with a chromatographic analysis to insure that no
oxygen is present. If oxygen is present it must be purged out, since this
creates an explosive hazard, and also if heated will oxidize and weaken the
copper heat-exchanger.

Once the system is purged with hydrogen, the recycle pump should be turned
on. Adequate recycling flow-rate is indicated if the differential pressure
with hydrogen is approximately 8" Hg (Ipsig). (Note: This differential is not
the saw as when the equilibrium gas mixture is being recycled.) The OUTLET
pressure gauge should read 33" Hg (1.5 Psig) and the I gauge 1" Hg (5.5
psig). If this differential is not achieved the recycle pump is malfunctioning
or the flow system is plugged, either of which require correction before pro-
ceeding further.

The ethylene-glycol water coolant should now be circulated through the
condenser. It is essential that the coolant be circulated to prevent 200OF
gases leaving the heat-exchanger from passing uncooled through the condenser
and over the carbon dioxide sensor in the gas outlet line from the condenser.
The maximum allowable operating temperature for the sensor is lO0F. The cool-
ant must be circulated whenever the system heater is turned on.

Up to this point the llO-volt power switch should be off. Also, the CO2
supply to the CO solenoid feed valve should be closed off manually to prevent
inflow of CO dug to opening of the solenoid valve. The llO-volt power switch
for the pane2 may now be turned on. With the recycle pump running properly,
the heater element may be switched on by actuating the circuit-breaker button
and the ON-OFF switch.

From this point on the system will automatically heat the reactor and
catalyst to 1300*P, and hydrogen will be continually circulated over the cata-
lyst. This circulation of hydrogen will condition the catalyst if carried on
for 24 hours after the temperature reaches 13000F.

When 1300"F is attained in the reactor the temperature INT and OUTL
gauges should read 1220" and l100*F, respectively.

4.9 System Qperation

In preparing for system operation, assuming the system does not leak,
that the reactor is cold, and that the catalyst already has been conditioned,
the system should be purged with pure electrolytic grade hydrogen (not natural
gas extracted). All power to the panel should be off. The gas composition
should be checked with a chrouiatograph if possible, to determine that no nitro-
gen or oxygen is present. Nitrogen decreases the system conversion capacity,
and oxygen presents an explosion hazard. The hydrogen pressure regulator should
be set at 33" Hg (1.5 psi) on the WfLVT pressure gauge.

The liquid coolant to the condenser should be circulated and kept on at all
times while the system is in operation. If the coolant stops the system should
be shut down immediately to prevent damage to the CO2 sensor from over heating.

After purging with hydrogen the recycle pump may be started. The pressure
drop should be 8 inches of Hg, with the OULET and INLT pressure gauges read-
Ing 33" and 41" Hg absolute, respectively. If this differential is not achieved
the recycle pump is malfunctioning or running backwards, or the recycle system
is plugged. These conditions must be corrected before proceeding further.



The 110-volt power to the panel is still off and the CO2 solenoid is
closed. Preliminary to turning on the panel power the CO supply to the
solenoid valve should be closed off, since the solenoid vLve will open when
panel power is turned on, assuming the CO2 control set-point has been previ-
ously adjusted to the proper level. (See following paragraphs for set-point
adjustamnt).

The 110-volt power should next be turned on. With the recycle pump run-
ning the heater element may be turned on. The reactor will nov automatically
heat up to the 1300"F reaction temperature level.

While the system is being heated, the CO2 control set-point should be
adjusted if this has not been previously done. The CO control system is
ready for operation approximately one-half hour after Lhe 110-volt power is
turned on.

The proper set-point is at 1.9 on the composition gauge. This composition
signal should be induced on the gauge by using the zero control knob on the top
of the amplifier box at the side of the system support frame. The CO2 composi-
tion knob on the panel should be rotated to the position at which the solenoid
feed valve clicks on and off. The valve should be left on and open. The com-
position indication should be returned to 0.0 by means of the zero control
knob. This completes the adjustment of the CO2 set-point.

When the reactor has heated to 1300*F the system is ready for CO feed to
begin. At this point the CO2 supply valve may be opened slightly. TRe supply
line should be fitted with a rotameter calibrated between 0 and 3000 cc/min of
CO . The initial CO feed rate should be between 200 and 300 cc/min. The
water-separator shouad be switched on at this time.

The reaction rate will be low at first because no CH4 is present, so the
CO2 feed rate must be held down. As the CH4 concentration rises due to the
reaction, the CO2 conversion rate will increase and the CO2 feed rate may be
increased.

If the initial CO2 feed rate is too high the system pressure may eventu-
ally exceed the setting of the hydrogen regulator and stop hydrogen feed for a
short period before the CO control system stops CO feed. If this occurs the
H2 concentration may drop ?o a point where the reaction rate will be exceeding-
ly low, and the system will require a considerable amount of time to allow the
hydrogen level to rebuild to the proper value. For this reason the CO2 feed
should be carefully metered in so as not to exceed the system capacity.

If carbon is already present in the reactor from previous reactor opera-
tion, during warm-up, CH4 will automatically be formed due to the reaction
2H2 + C - CH Under these circumstances CO2 may be fed initially into the
reactor at a h1gher feed rate, in the vicinity of 100 to 1300 cc/min. This
higher initial feed rate may be accomplished also if CH4 is bled into the sys-
tem up to a concentration of approximately 30% by volume. If this is done the
concentrations of H2 and CH4 should be verified by chromatographic analysis
before admitting CO2 feed.

The CO2 feed rate should be gradually increased to 1550-1600 cc/min (3.1-
3.2 man capacity) as soon as possible. If this rate is exceeded the CO2 com-
position will exceed the set-point level and the solenoid will close to stop
the CO2 feed. The system is now in complete automatic operation.
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As verification of proper recycle pump operation the OUTLET and INLET
pressure gauges should read 33" Hg (1.5 psig) and 45" Ng (7.5 psig). This
pressure drop of 6 psi indicates a recycle rate of 3.0 to 3.5 SCM.. If this
pressure drop is not attained the system will not be capable of continuously
converting CO2 at 3-man capacity.

The conversion capacity of the system should be verified by measuring the
rate of water formation. If water is not forming and collecting the system is
plugged at some point and will eventually stop the CO2 feed since water is not
being removed from the recycled gas stream.

The water formed should be measured at 15 to 20-minute intervals to the
nearest 0.1 minute, and nearest cc, to determine the water formation rate.
This rate for 3-mn capacity is approximately 130 cc/mmn.

Under these operating conditions the system should be capable of running
for 24 to 30 hours. This time is limited by the volume of carbon which can be
built up and stored within the reactor without blow-down.

The following steps should be performed in sequence when the system is to

be shut down:

a. Stop CO2 feed by shutting off the supply to the CO solenoid valve.
All of the CO2 in the system will react with I, and eventually be completely
consumed, leaving only % and CH4 in the recycle gas stream.

b. When the CO2 composition indicator returns to nearly 0.0 and remains
there for five minutes all CO2 may be assumed reacted. Turn off the system
heater.

c. The water separator should be left in operation for an additional 30
to 45 minutes if the system is to be permanently stopped. If the system is to
be stopped only temporarily, the water separator may be stopped immediately
after all CO2 has been consumed.

d. After stopping the water separator the panel 110-volt power should
be turned off.

e. The recycle pump may be stopped at this point. Leaving the pump on
will facilitate cooling the system, but is not essential.

f. The glycol cooling system should be turned off only after the system
has cooled to below 1500-200OF as indicated on both IMLST and OUTLET tempera-
ture indicators. This is necessary to prevent damage to the CO2 sensor from
over heating.

4.10 Engineering Model Test Results

The engineering model of the carbon dioxide system was tested in two
phases. The reactor and heat-exchanger condenser were initially tested separ-
ately without the final water separator, recycle pump and system controls.
The object of the first phase was to determine the operating characteristics
of the reactor proper and the effectiveness of the internal heating system,
including both preheating from the heat-exchanger and final heating by the
electrical heater element.

In the second phase of testing all system components were assembled and
tested as a unit. In this phase the behavior of the recycle pump, water sepa-
rator and system controls was observed under the demands of actual operation,
rather than under simulated conditions for each component.
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The first phase of testing consisted of test runs No. 1 through No. 7.
Briefly these runs shoved that the reactor would provide slightly in excess of
the required 3-amn conversion capecity, that the heat-exchanger vorked well at
over a 90% operating efficiency, that the internal heater element provided in
excess of the needed hesting capacity but that bare-wire design resulted in
shorting due to carbon build-up, and that the system could be operated at the
required conversion rate for at least 17 hours based on available carbon stor-
age capacity within the catalyst. It was also found that the reactor operating
temperature radically affects the conversion rate, since a drop from 1250*7 to
1050OF lowered the rate from 3.1 to 0.8-man capacity.

The second phase of testing consisted of runs No. 8 through No. 10. These
runs showed that the recycle pump and automatic system controls operated pro-
perly, that the reaction proceeded as well at outlet pressures of 1.5 psig as
at 5.8 psig, that a sheathed heater element did not short out, that the water-
separator required re-design, and that the system could be run continuously for
21 hours at the required conversion rate using about 80% of the available carbon
storage volume within the catalyst. These runs also shoved that no carbon
could be blown out of the catalyst into the carbon-collector even at recycle
rates as high as 3.5 SCOR.

A listing of each experimental test is shown in the following table.
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14.11 Weight, Power, and Volume

C. In the preliminary design the total weight of the systera was estimated at
160 lbs. In the engineering model the insulated reactor and heat exchanger
condenser weighed approximately 25 lbs more than expected, and the support
frame was 5 lbs higher than expected. The total weight of the engineering
model is 190 pounds compiled as follows:

Insulated Reactor and Heater 35 lbs

Canister Plus Catalyst 4

Insulated Carbon Collector 52

Heat Exchanger - Condenser 21

Recycle Pump 21
Water Separator 11

Feed System 6
Instrumentation and Controls 14

Piping 6
Support Frame 20

190 lbs Total

The average power requirement for the system in normal operation is 975
watts. This is approximately 350 watts higher than anticipated in the pre-
liminary design and is due mainly to a heater requirement of 650 watts instead
of an expected 300 watts.

Heater 650 watts

Recycle Pump 230

Water Collector 10

Instrumentation and Control 85

TOTAL 975 watts

The volume occupied by the total system is as follows:

4t'-8" high x 1'-2" Deep x 1'-4" wide = 6.5 ft 3

4.12 Summazy on the Engineering Model

The engineering model consists of a reactor and carbon-collector, a heut
exchanger water-condenser, a water-separator, a recycle pump, and system con-
trols with instrumentation. Reaction temperature is 1300*F, pressure 5.5 psig,
and recycle rate 3.0-3.5 SCFM.

The reactor is an insulated twelve-inch long by six-inch diameter tube
filled with iron catalyst in the form of 1 inch-square screens. The catalyst
requires preconditioning with pure hydrogen at 1300OF for twenty-four hours.
The electrical heater inside the reactor is externally removable without dis-
assembling the entire reactor. The carbon collector is an insulated twenty-
inch long by four-inch diameter tube attached to the bottom of the reactor. A
manual valve at the bottom of the collector permits periodic carbon removal.
The reactor and carbon-collector are mounted on aluminum support angles and
plates.
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The heat-exchanger and water condenser are both counter-current, concen-
tric tube heat transfer coils, wrapped in a continuous helix around the carbon-
collector. The concentric tube configuration was used Instead of a squers tube
bundle originally called for in the preliminary design due to difficulties in
fabrication.

The vater-separator is a 11 -inch long by I-inch diameter cylinder with a
double-end piston alternately compressing and releasing a water-absorbing
sponge at each end. The piston is moved back and forth by an electrical motor-
driven rack and pinion gear assembly.

The recycle pump is an electric motor-driven sliding-vane positive dis-
placement pump, enclosed in pressure-tight containers to prevent shaft leakage.

The system automatic controls are the reactor temperature control, the
hydrogen feed and total system pressure control, and the carbon dioxide compo-
sition and feed control. The instrumentation components are system pressure
gauges, reactor temperature indicators, gas composition indicator, and ON-OFF
switches for the heater, separator, pizmp, and panel power.

Test results showed a CO2 conversion capacity in excess of the required
capacity, with all components except the separator operating automatically and
successfully. The continuous operating cycle is 24-30 hours, without carbon
blow-down.

The system weighs 190 lbs, occupies 6.5 cubic feet, and requires an aver-
age of 975 watts of electrical power in normal operation. The engineering
model is shown in Figure 17.
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Figure 17

FIOTOGRAPI OF REDUCTION SYSTEM ENGINEEREING NODM
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sBCTION 5

COCLIONS AND EUMCUMTIOKB

5.1 Conclusions

Based on the results of the analytical, experimental and engineering model
studies of the carbon dioxide reduction system, the following conclusions were
developed:

(a) The engineering model will convert C02 at a rate of 0.365 lb/hr which
is 10% in excess of the design requirement for a 3-man capacity of 0.33 lb/hr.

(b) The recycle gas composition providing maximum CO2 conversion is
approximately 5% CO21 50% %2, 20% CK4, and 25% CO, by volume at the reactor out-
let.

(c) The engineering model reactor will accept CO immediately at the full
conversion rate if the recycle gases contain 25-30% CW4. This concentration
may be induced by adding CH4 directly, or by the rapid reaction of carbon pres-
ent in the reactor with 12 gas. If no CH is initially present the starting
reaction rate will be approximately 20% o0 the full rate.

(d) The reaction CO2 + 2H_ - 2920 + C is predominantly influenced by
kinetic effects rather than by Zhemical equilibrium effects. This is also
apparent in that the operating O/H ratio is slightly over 0.20 rather than at
0.50 as predicted from chemical equilibrium concentrations alone. The reaction
rate appeared to vary directly with the logarithm of the absolute temperature.

(e) Both carbon steel-wool and carbon-steel expanded metal screens were
suitable catalysts. Stainless steel was found not to act as a catalyst.

(f) The iron catalyst must be preconditioned for reactor operation by
reducing with R2 gas at 1200"-1300*F for 24 hours. After reducing,the catalyst
may be left exposed to air or inert gas without loss of precondition effects.
However, the preconditioned catalyst must be kept dry to prevent oxidation.

(g) The reactor temperature necessary for proper C02 conversion rate is
1250* to 1300"F.

(h) The temperature of the outlet gas stream leaving the condenser must
be 500F or lower to provide 3-man capacity. Conversion rate will drop to zero
if the condenser gas outlet temperature is 90°F or higher.

(i) The recycle flow rate required for 3-man capacity in the engineering
model is between 3.0 and 3.5 SC01.

(j) The C02 and %2 feed gases may be fed to the reactor either separate-
ly or pre-mixed writhout effect on the conversion rate. The point at which the
gases enter the reactor appeared to have no effect on the conversion rate.

(k) The system may be operated at 3-man capacity continuously for 24 to
30 hours without carbon blow-down or removal.

(1) The engineering model can be operated through start-up and continuous
conversion with one electrical heater. The heater cycles in ON-OF7 operation
between 750 watts and no power, and is ON about 85% of the time for an average
power consumption of 650 watts. Start-up time from ambient to reaction tem-
perature (1300*F) requires approximately 5 hours using only the single internal
heater. (See recommendations for discussion of shortened start-up time.)

(m) The concentric-tube counter-current type inlet-to-outlet-gas heat-
exchanger performed with over 90% efficiency.
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(n) DTring normal operation the catalyst arrangement did not allow dis-
lodgement of carbon to the carbon collector. (See recommendations for discus-
sion of methods for continuous carbon blov-down.)

(o) Total system pressure and hydrogen feed may be closely and automati-
cally controlled by a pneumatic regulator.

(p) Carbon dioxide feed and composition level may be closely and auto-
matically controlled by an electrolytic carbon dioxide sensor and an electronic
control system.

(q) The system temperature can be automatically and closely controlled
within 307F by a bimetallic temperature-sensing switch.

(r) Actual reactor operating pressure may be varied between 2 and 10 psig
without change in the CO2 conversion rate.

(a) Proper system operation is adequately indicated visually by system
inlet and outlet pressure gauges, reactor inlet and outlet temperatures, a CO2
composition indicator, and system components operating ON-OFF lights.

(t) A reactor 5-3/4 inches in diameter by 12 inches long provides suffi-
cient catalyst volume for the required 3-man conversion capacity.

5.2 Recomendations

Although the analytical, experimental, and engineering model studies led
successfully to the development and fabrication of a system for converting
carbon dioxide to water in excess of the required rate, further developments
and Improvements can be made to reduce the weight, size and required power for
the overall system. Also the system could possibly be operated on a continu-
ous basis without the need for periodic carbon removal if a different catalyst
configuration were successful.

In light of the probable improvements which can be made in the system to
provide continuous operation combined with lover system weight, size and pow-
er requirements, the following recoamendations for a modified system are made:

(a) Various catalyst configurations, such as iron tubes or strips, should
be investigated to determine if deposited carbon can be continually formed and
blown free of the reactor, at the experimentally determined recycle rate for
3-man capacity. Investigation of this method of carbon removal is of primary
importance, since successful continuous carbon removal could result in a greatly
extended operating cycle and a very considerable reduction in the size of the
reactor nov used in the engineering model. (Present reactor dimensions were
based primarily on carbon storing ability rather than on the volume of catalyst
actually necessary to sustain the required conversion rate.) Size, weight,
heat-loss and consequently power requirements, will be less if a smaller reac-
tor is feasible.

(b) Additional investigation should be made to improve the heat-exchanger
design. It may be possible to utilize a counter-current honey-comb type ex-
changer which would not only be lighter in weight but might have a considerably
lower pressure drop than 6 psi. If the heat-exchanger pressure drop can be
decreased, a smller recycle pump weighing less and requiring less power could
be substituted for the present pump.

(c) The possibility of utilizing a centrifugal type water separator
should be investigated, to possibly eliminate the various mechanical difficul-
ties encountered with the piston and sponge type separator.
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(d) As an alternate to a mechanical or centrifugal water separator, a
phoporous penatoxide (P 0 ) coibined water removal and electrolysis cell
should be Investigated. -555s type of cell would also eliuinate the need for a
water-condensing system In the recycle Was strera, since the outlet gases
would no longer have to be cooled to 5001. The system would thus require no
ethylene glycol-water coolant.

(a) 2he long heating period required for system start-up could be con-
siderably reduced by the use of an additional heater coil vrapped around the
exterior surface of the reactor. An investigation should be made of the effec-
tiveness of this type of muxiliary heater for start-up service, since the heater
would not require gas circulation during heating to prevent heater burn-out.
The heater could also serve as a redundant emergency operating heater.

(f) The use of a double-section internal-heater should be investigated to
minimize power demand fluctuations, since the present heater draws 750 watts
while on 85$ of the time and zero watts while off the remaining 15% of the
time. One section of the heater could be in continual operation at 600 watts
with a 100-watt section in ON-OFF operation to supply the average 650-watt
demand.
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APF3UM

Itsi. 1 - Uffuwop Or UWILIxIKD CommU, K, AmW
PM• XN AND R12RLPY DA

In deriving a ststmat for chemical equilibrium the following general

equation • be written:

(c)C + (d)D - (r)R + (s)S

where C and D are reactants, R and S are the products, and c, d, r, and a are
the number of moles of each, respectively, in a balanced stoichoietric reac-
tion. The tberm•4uamic equilibrium constant, K, Is defined in terms of the
activities, a, of the reactants and products in equilibrium as follows:

ca)(a )
(a &D)

This function of the equilibrium activities is a constant at a given tempera-
ture, depends only upon thernodynamic quantities, and is independent of kinet-
ics or mechanisms of the reaction. The statement of the equilibrium relation
allows the determination of the -xim yield of products that may be achieved
from reactants at given concentrations.

In gaseous reactions, if the gases behave nearly as ideal gases their
activities may be measured by partial pressures; also, if pure solids take part
in the reaction, their activities are assumed constant, and equal to unity.

The equilibrium constant, K, is related to the Gibb's free-energy change
in the standard state, AG°, according to the folloving formula:

AG O° L
T

vhere T is the reaction temperature, and R the universal gas-constant. The
quantity AG°/T may be evaluated from the following:

A0 o G; H; +S= " " R e- eact.
T T T T Prod.

where,
= standard Gibb's free-energy at temperature T

H = enthalpy of the compound or element at O'K
0

AHO standard heat of formation at OK
fo

T = reaction temperature.

Tables of ( - H/T) versus temperature, and of AE for various elementsS0
and compounds are available and are based on data from the National Bureau of
Standards.

A sample calculation of K1 , for the reaction at 9800F (800*K);
CO2 + 2H2  " 2E20 + C, is as follows:
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o.;- - /T io0

Co2  - 51.921 - 93.949

12 - 31.204 0.0

%0 - 45.-153 - 57.108

c - 2.164 0.0

AG* 2(-45.153) + 2 + (-2.164) + 0.0
T

2120

..2 IQ0.0

(-51.921) + 4 - 2(-31 .204) +0.
o2

S _AG = _3.475•" T

= - = +3.-475

T

SK,_ = 5.7473
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APPUMZX

Item 2 - CPILAZTIOIO OF OWV DTAU AND tUAIMCAL
COP3M MON 01 I COUFZWBTIOUI

The five basic equations used in determining the equilibrium volume con-
centration, x, of the five sems C02, %P %0, CO, and CH1 are as follov,:

x1$ x2,# 1 3  , x5 - we concentrations at equilibrium of C02 , 12,
%0, 00, and CH4 , respectively

al, a2 , &T, ah1, •, - are Initial (or inlet) concentrations, respec-
tively

V - is the equilibrium volume

KJ1, K2 , K3  - are the equilibrium constants for
(1) 002+2N2 - 2 %0+o C
(2) 2C= C02 + C

(3) CHR = 2 2 +c
7- is the reaction pressure.

1. x*,+ x2+x3+ x4+x5 = 1.0
2. (2x, + x3 + 111)/2(x2 + x3 + 2x5) = (2ai + a3 + %)/2(a 2 + a3 + 2&5)

M 0/H
3. K1  (x 3) 2/(x2)2(xi) w

4. K 2  = x),/ý
5. X3  = x2)(7r)

The following constants were assigned:

C = (K//7r) 0 ' 5  (All constants vere used as real
C6  = K3 r and positive numbers. All values

R' = 1/(O/H) of x were between 0 and 1.0.)

C = R'/2 + l

c8 R'/4 + 1
5. x5 C6(x)2

4. x4 = c(xl)oo.5
3. 13 = (_"()
2. 3 2 = (1 - c51 x2 - c8 c(x 1 )0° 5 )/(l/2 + 1/2 c 7 C(x 1) 0-5 )

1. x= 1 - -C 4(x)°5 D - C5 (x)° 0 5 - c6()2

These five equations were then programmed for the IBN 1620 computer. For
each teupertture, pressure, and concentration, (as expressed in the O/H ratio,
or as 1/R') fixed values were assigned to the constants C 4 through C . With
this Information the computer produced values for x, through x5 for Lach set
of conditions.
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The values of volume concentrations arrived at with this process are
shown in the following table at the temperatures and pressure shown:

T - 980*7 (800*K);- 7r - 9.0 psig (1.6 atm. abs.)

o/H varied from 0.0 to 10.0; K, - 5.7473, K2 = 0.01063, K3 = 1.3242

N1 x2 X3 x4•15

o/. (002) (V) (1O) (co) (CO)
0.0 .000 .. 91 .000 .000 .509
0.2 .075 .350 .292 .022 .260

0.3 .125 .310 .332 .029 .203

0.5 .231 .245 .357 .039 .127
o.67 .301 .21o .350 .o05 .094

1.0 .41o .164 .318 .o52 .057
2.0 .590 .098 .228 .063 .020

5.0 .762 .046 .38 .071 .004

10.0 .836 .023 .o65 .075 .001
S.924 .ooo .ooo .o76 .000

The above data were used to plot volume concentrations versus O/H ratio
on Figure 3, Section 2, Analytical Program.
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Item 3 - II5LATION OPTIMIZATION

k AVIAT

AX - Rest loss through insulation

Pbr a 27-inch cylinder with a 3-inch radius hemispherical end:

A 2 7 ( - - x .) 2 n• xA- " n (2/xL) +(X2 ' x1)

AT = -TI S = 1.00-124 = 1275oF

TR = Reaction temperature = I4O0 F

Ts = Outer akin temperature = 125°F
k = 0.02 Btu-ft/hr*F-ft 2

L = 27" = 2.30 ft

X = 3" = 0.25 ft

x2 = Outer radius of insulation

Optimization is to show most favorable insulation thickness in light of
one pound mass penjlty for each six watts of power lost, with insulation
weighing 20 lbs/ft

(a) Total Weight = Insulation Weight + Power Penalty Weight

M ~ ~ ln-x2/xl+ x2 -xlm • x

Solving (b) for x2 needed for various heat losses gives:

Heat Loss Outer Radius Insulation Power Penalt* Total

"(watts) (feet) (inches) (Ibs) l(bS b 7s

100 .934 8.2 14o.5  0.0 140.5

125 .707 5.5 77.4 4.2 81.7

150 .589 4.1 49.o 8.3 57.5

200 .471 2.7 26.8 16.7 43.5
225 .438 2.3 21.6 20.8 42.4

250 .414 2.0 18.0 25.0 43.0

300 .380 1.6 13.4 33.3 46.7
* 100 watts of heat are supplied by the reaction at no power penalty. Penal-
ties shown are for power needed over and above that supplied by reaction.

Optimum insulation thickness is 2.3 inches. The gas surrounding the
insulation is assumed to be 1O0°F (maximum). This creates a 25° temperature
difference between the insulation skin and its surroundings. Radiation is
assumed negligible by comparison to 225 watts, (767 Btu/hr).

Outer film coefficient due to convection assumed to be: 3 Btu/hr-ft°F.

68
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• % - m,,,•,l

act. h-A- 3(7:5)

Actual skin temperature is 134.F instead of 125*F.
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APFENDIX

Item BU - 3AT-3XCRANOER OPTIMZATION

The pertinent data necessary for the preliminary investigation of an opti-
aim heat exchanger were obtained from experiments conducted on a laboratory
reactor. This data included: (i) the mass flow rate, (2) the composition of
the inlet gas, (3) the composition of the outlet gas, and (4) the system pres-
sure. The thersml properties, k, C , A, were then computed for both the outlet
and inlet gases based on the properties of the incividual components at a mean
temperature of 515eF. These computations indicated that there was no appreci-
able difference between the calculated values of the specific heat, C, thermal
conductivity, k, and viscosity, p, of the inlet compared to the outlet gases.

The basic equations used for computing these quantities were

n Cp (x NL)
a. C = n

Pmixture L =1 Z

. mixture n

L=l nZ x j@ L
J=l

u k x
k mixture E

S =1 n

Z x ,
,J=1

where
-0.5 0.5 0.25

n = nurber of chemical species present

xL and xj = mole fractions of species L and J

KL and N = molecular weight of species

C = heat capacity of species, Btu/lb'Fp
k L= thermal conductivity, Btu-ft/ft2 -hrF

p = viscosity, lb/ft-hr

The results of the computations were

a. C = 0.o.0 Btu/ib-F
Pmixture

'Bird, R. B., Stewart, W. E., and Lightfoot, E. N., Transport Phenomena
p. 25-28, Wiley & Sons, 1960.
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b. Amxture , 5.95 x 10"2 lb/ft-hr

C. k = 0.050 Btu-ft/ft2-hr"F. mixture

For analytical purposes, a simple tube arrangement, as shown in Figure 16
was selected as the basic heat exchanger. Two rectangular tubes of internal
area 2D.,D2 and length L are brazed together as shown. The mass flow rates M,
and M* gere considered to 01 equal. Tube sizes and material were limited to
availible stock items. The selection of the tubing was based on (1) an opti-
mized internal cross-sectional area, (2) the smallest wall thickness for opti-
mam heat transfer, (3) the largest value of thermal conductivity, (4) the
smallest weight penalty per unit length, and (5) a material capable of with-
standing temperatures in the vicinity of I1400F. The most attractive commer-
cially available tubing was considered to be square high copper alloy tubing.

D1

M,.

SQUARE-TUBE HEAT EXCR&N(MR CROSS-SECTION

Figure 18

Figure 19 illustrates a temperature versus length diagram for a counter-
flow heat exchanger with a constant mean temperature difference.

t T
T HT TH TC

T 1C

L

TEMPERATURE VS. LENGTH OF HUAT-EICRANGHR FOR COUNTER-CU•Er IPLOW
Figure 19

Assuming that flow rates and heat capacities are the same in both inlet
and outlet streams then the effectiveness of the heat exchanger under these
conditions is:
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W) R - ( ,T - T c)/ pa (? j T ,)

3 effectiveness, expressed as the ratio of the
amount of heat transferred from tie hot gas stream
to the maximum amount that could be transferred
from the hot gas stream

M : mass flov rate, either outlet or inlet stream, lbs/hr

C = heat capacity of gaseous mixture, either stream,
Btu/lb OF

TH = temperature of outlet stream entering exchanger, OF

TC temperature of outlet stream leaving exchanger, OF

T = temperature of inlet stream entering exchanger, OF
TC

T = temperature of inlet stream leaving exchanger, OF

The actual rate of heat transferred, QT, from the outlet stream to the
inlet stream is:

(2) QT = Cm (TH" TC) = M% E(TH - TIc), in Btu/hr.

The mean temperature difference between the inlet and outlet gases is
assumed to be constant and is given as:

(3) AT = (T -T ) = (TC-Tc) = (l-E)(TH Tlc)

The heat transferred is also expressed as the sum of the amount transfer-
red by conduction and convection normal to the transfer surface plus the amount
transferred by the extended surfaces (fins) created by the walls of the tubes.
In terms of these amounts an expression for the length of each of the total
number of tubes may be developed as follows:

(14) L Yn____________________

"hL DeATJ + tanh DNh)

L length of each of n inlet tubes = length of each
of n outlet tubes, ft

k thermal conductivity of tube material, Btu/hr

ft -hroF

Yo inlet tube wall thickness = outlet tube wall
thickness, ft

n number of parallel inlet tubes = number of parallel
outlet tubes

D e effective tube diameter = 4 x hydraulic radius, ft.
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(5) h 0 o.023 - P1L De n ' 0.8. (Ck)Oa

ht surface film coefficient of Meat transfer for
tubes, both gases, Btu/hr-ft OF

km thermal conductivity of gas mixture, (calculated
and found2nearly identical for both gas mixtures),

Btu-ft/ft •7-hr.

Mm = viscosity of g*s mixture (calculated and found
nearly identical for both gas mixtures), lb/sec-ft.

The pressure drop created in the total heat exchanger due to flow is:

(6) AP = p .25 ( 52_ P)

AP pressure drop through 2L ft of tubing, lb/ft 2

g = 4.17 x 10 ft/hr2

PM = density of gaseous mixture, lb/ft 3

The power required to circulate the gases through the above pressure drop
is expressed in terms of the weight penalty for providing this power as follows:

(7) W UP=0.131.3 MC PT, P

W = weight penalty for pumping power, at 0.15 lbs
PUMP mass per 1.0 watts, in lbs

PI system pressure, lb/ft2

Y = CPMCvm (where Cv = specific heat at constant

volume, in Btu/lbOF)

The actual weight of the heat exchanger proper is as follows:

(8) Wtube = w' 2Ln

Wtube= weight of heat exchanger, lbs
w = weight per foot of inlet tube = weight per foot

of outlet tube, lb/ft

The heat lost due to the inefficiency of the heat exchanger is also expressed
in terms of the weight penalty for power to supply this lost heat, as follows:

(9) Waff - 0.0o&37)M p, (1 -T))(TR -"•Tc)
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Woff - weight penalty for power required to make up
for heat exchanger inefficiency, lbs

Similarly, the heat lost through the heat exchanger insulation in terms of
weight penalty for power to supply this heat is:

(10) Wpower = 0.0437 nhL (D. * 2yo)(To - Te)

Wpove; weight penalty for power required to make up for
heat lost through heat-exchanger insulation, lbs

h surface film coefficimnt of heat transfer for
insulation, Btu/hr ft OF

T = outer surface temperature of insulation, OF
0

T e bulk temperature of surrounding gases, OF.
e

The weight of the insulation required around the heat exchanger is:

(De + 2o)pnsknu (2 - ))rs + rl C -2 0

(11) Winsul = 2 4 c (T o +. 4o)6 -0(4 + 4o) 4  + ho(T - T )

Wined weight of insulation, lbs

Pinsul = density of insulation, lbs/ft3  2
kinsu1 = thermal conductivity of insulation, Btu-ft/ft F-hr

e = emissivity of insulation (dimensionless)

a = Stefan-Boltzman Constant = 0.1712 x 10-b Btu/hr-ft 2(OR)4

The actual numerican values of the variable used in the above equations
(1) through (11) are as follows:

(M) 1 = 9 lbs/hr

(2) C - o.4 B/hr--F

(3) T = 14Oo°F

(4) = 75•F
TC

(5) T = 750F

(6) P = 3456 lbs/ft abs.

(7) I'm = 5.95 x 10"2 lbs/ft-hr

(8) PM - .5 x o-3 lbs/ft3

(9) k - 200 B/hr ft*F

(10) k = 0.05 B/hr ftF

(1.) h 0 3 B/hr ft2 F

(12) Pins = 20 lbs/ft 3

(13) kns = 0.02 B/hr ftF

(14) E ins 0.9

(15) g = 4.17312 x 10 ft/hr 4

(16) C 0. 1 10- B/-hr ft OR

(17) ' = 1.4
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The above mathematical developient was programed into the IBM 1620 com-
puter at the MRD Division. An analytical study based on a weight penalty
trade-off was then conducted to determine the optimum heat exchanger efficiency,
tube diameter, length and configuration, tube weight, and insulation weight.
In conducting the study a weight penalty of one pound. for each 6.7 watts of
power was used. This was based on a penalty of 0.05 lbs/watt for the power
source and fuel, plus 0.10 lbs/watt for heat removal radiators.

The results of the trade-off study indicated that the optimum heat-
exchanger efficiency should be 92% and that tube height and width should be
approximately 0.32 inches. Two parallel inlet tubes counter-current to two
parallel outlet tubes provide the optimum configuration. The actual weight of
the exchanger proper was found to be t" lbs, and of the insulation 2.5 lbs.
The weight penalty for power to make up for heat-exchanger inefficiency, heat
losses through insulation, and friction in pumping amounted to 22.4 lbs. The
combined actual weight plus power penalty weight was 32.6 pounds.
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